Germplasm, genetics, phenotyping, and selection, combined with a clear definition of product targets, are the foundation of successful hybrid maize breeding. Breeding maize hybrids with superior yield for the drought-prone regions of the US corn-belt involves integration of multiple drought-specific technologies together with all of the other technology components that comprise a successful maize hybrid breeding programme. Managed-environment technologies are used to enable scaling of precision phenotyping in appropriate drought environmental conditions to breeding programme level. Genomics and other molecular technologies are used to study trait genetic architecture. Genetic prediction methodology was used to breed for improved yield performance for drought-prone environments. This was enabled by combining precision phenotyping for drought performance with genetic understanding of the traits contributing to successful hybrids in the target drought-prone environments and the availability of molecular markers distributed across the maize genome. Advances in crop growth modelling methodology are being used to evaluate the integrated effects of multiple traits for their combined effects and evaluate drought hybrid product concepts and guide their development and evaluation. Results to date, lessons learned, and future opportunities for further improving the drought tolerance of maize for the US corn-belt are discussed.
Introduction
Maize has undergone long-term yield and agronomic improvement for the environmental conditions of the US corn-belt (Duvick et al., 2004) . Many factors have contributed to these long-term gains for yield. While the high yields of maize under favourable rainfall and irrigated conditions have attracted the majority of attention, improvements in yield under drought conditions have occurred and have contributed to genetic improvements for grain yield in droughtprone regions and to improved yield stability throughout the target population of environments (TPE) (Barker et al., 2005; Campos et al., 2006) . There are many reasons why drought tolerance is considered to be an important component of the success of maize hybrids grown in drought-prone regions of the US corn-belt. In the regions relying on in-season rainfall, there is considerable interannual variation in rainfall total and distribution (Löffler et al., 2005) . In some years, yield can be significantly reduced by transient water limitations of varying timing, duration, and severity. Many of these water limitations have minor to moderate impact on yield. However, widespread and prolonged drought that substantially reduces grain yield over a wide area can occur in some years, 2012 being the most recent occurrence (Boyer et al., 2013) . Thus, greater yield stability through improved drought tolerance is commonly listed as an objective of the breeding programmes that operate throughout the areas of the US corn-belt that are prone to water limitations. In addition to the immediate needs for improved drought tolerance, there is an expectation that yield stability achieved through improved drought tolerance will be increasingly important for the future, due to questions on the sustainability of access to irrigation water resources and the potential impacts of climate change. In the Western region of the US corn-belt, access to irrigation water is a major input contributing to the stable and high grain yields of maize that are currently achieved. This region is under long-term pressures to reduce the quantities of irrigation water used in agriculture.
The literature on agricultural drought contains many definitions of drought tolerance and investigations of physiological processes contributing to the different definitions of drought tolerance. For the plant breeder working in droughtprone environments, the literature on drought tolerance is interesting, but the focus of the breeder is primarily on understanding and utilizing genetic variation for traits that impact yield and can lead to yield improvement in agricultural drought conditions in the short and long term. The long-term nature of yield improvement of maize in the US corn-belt provides an important resource for the study of genetic variation for drought tolerance and yield improvement at different stages of the breeding of the crop. Work over the last decade to implement a targeted drought breeding effort, leading to the release of the Pioneer AQUAmax ® product line of drought-tolerant maize hybrids, provides an interesting case study of breeding for drought tolerance in elite germplasm pools that have already undergone multiple breeding cycles of genetic improvement for a complex and heterogeneous drought-prone TPE.
Here we provide an overview of the long-term improvement of maize yield for the US corn-belt that has been achieved by the Pioneer breeding effort, emphasizing the role of drought and genetic improvements in drought tolerance, and discuss key results that have enabled the delivery of the AQUAmax ® suite of maize hybrids with improved yield performance under the drought conditions that can occur in the US corn-belt.
Breeding drought-tolerant hybrids: historical foundation
In a series of papers beginning in the 1970s, Don Duvick reported on what has now become a well-documented longterm study of the genetic improvement of maize grain yield and agronomics within a commercial breeding programme, focused primarily on yield for the central region of the US corn-belt (Duvick, 1977 , Duvick et al., 2004 . From this study, Duvick developed a hypothesis that an important component of the long-term yield gains for maize in the US cornbelt was attributable to the accumulation of multiple traits conferring tolerance to the different stresses that are encountered in the TPE, including drought. While Duvick did not identify any specific physiological traits contributing to the abiotic stress tolerance component of yield improvement, he did recognize drought as one of the important abiotic stresses. Thus, a prediction derived from Duvick's hypothesis was that improvements in yield under a range of drought conditions should be observed as a correlated response of the long-term gain for yield observed in the central US corn-belt. Subsequently, a number of studies have been conducted under drought conditions to evaluate this prediction. Campos et al. (2006) presented yield data from drought experiments that supported the prediction. Cooper et al. (2006) demonstrated that the rates of gain for yield under drought conditions had increased with the initiation of the single cross-hybrid breeding phase in the 1960s. Beyond describing the yield improvements under drought conditions, attempts have been made to understand some of the physiological components that have contributed to the yield gains under favourable and drought conditions. Hammer et al. (2009) used a crop model to provide evidence that improvements in root system architecture and function, that increased the capacity of maize to extract the available soil water, are likely candidates that contributed to the long-term improvements in yield performance under drought.
In addition to the indirect improvements in yield under drought that are associated with wide area testing across different conditions encountered in the Central US corn-belt, direct selection for yield performance under drought conditions in the Western region of the US corn-belt commenced in the 1950s when Stan Jensen established a research station at York, NE. Jensen initiated side-by-side irrigated versus drought treatments to increase the sampling of different drought conditions and to select directly for yield performance and agronomics under drought conditions. A number of important inbreds leading to commercially successful hybrids were developed from the breeding programme of Jensen. In addition to the contribution of these inbreds to important stable yielding hybrids of the period, the inbreds were also cycled within Jensen's breeding programme and shared with other Pioneer maize breeders, working in different regions across the US corn-belt, to generate subsequent inbreds that in turn created newer hybrids with further improved yield and agronomics under drought.
Here we provide an update to the long-term yield gain estimates provided by Duvick et al. (2004) and breakout yield gains under water-limited and favourable irrigated conditions ( Fig. 1) . As in previous studies, a set of successful current commercial and historically important Pioneer maize hybrids, in this case hybrids released between 1930 and 2011, were grown in a series of experiments conducted at locations in the US corn-belt and at two managed-environment (ME) locations; Woodland, CA (latitude 38.68, longitude -121.84) and Viluco, . The data set used in the present analysis included the data reported by Duvick et al. (2004) and Campos et al. (2006) and augmented those TPE and ME experiments with new experiments conducted in the period since the earlier reports. The experiments from the US corn-belt TPE were combined with those from the two ME locations to form a single data set for a combined analysis. The combined data set contained experiments spanning the period from 1990 to 2012 and comprised 17 837 records.
From the US corn-belt component of the data set, there were a total of 83 environments over the 23 year period, sampling 2-10 locations per year. At each location, the hybrids included in the experiment were evaluated as a single replicate of three plant populations with hybrids tested in two-row plots. The absolute values of the plant populations varied slightly from year to year, but there was always a low (~30 000 plants ha -1 ), medium (~54 000 plants ha -1 ), and high (~74 000 plants ha -1 ) plant population treatment included. The experiments were arranged as a split-plot design, with plant populations arranged as the main-plot treatment and the hybrids were randomized within the plant populations as the minor-plot treatment. The ME experiments were conducted between 2001 and 2012. At both ME locations, there was a low incidence of in-season rainfall, and water inputs were through irrigation and were managed to generate a range of water availability conditions, ranging from favourable well watered to severe water deficit. Water inputs were delivered to plots through drip tape that was buried in the soil at planting. Drip tape was distributed throughout the experiment such that each row of each plot was irrigated with a dedicated drip tape. The water deficit treatments were managed to coincide with different stages of development to generate a range of vegetative, flowering, and grain-filling stage water deficit conditions (e.g. Campos et al., 2006) . For the purposes of the analysis reported here, all water management treatments that generated a water deficit were classified as drought environments and all water management treatments that minimized the occurrence of a water deficit were classified as favourable, well watered. As with the TPE corn-belt experiments, the ME experiments were conducted at a range of plant populations as a split-plot design and in most cases with two replicates. Grain yield data from all plots were obtained using typical small plot combines available in the year of the experiments, and yield is reported at 15% moisture content.
The grain yield data for the combined data set were analysed within a mixed model framework using ASREML (Gilmour et al., 2009) . For the results reported here, the environments were allocated to one of five environmental classes: (i) TPE high population; (ii) TPE medium population; (iii) TPE low population; (iv) ME well watered; and (v) ME drought. Following Smith et al. (2001) and van Eeuwijk et al. (2001) , the hybrid×environmental classification interaction term was modelled to establish a suitable statistical model of the hybrid×environment interactions, and best linear unbiased predictors were computed for grain yield of the hybrids in the TPE low, TPE medium, TPE high plant populations, and the ME drought, and ME well-watered treatments. Following the methodology of Duvick et al. (2004) , the TPE yield of each hybrid was estimated as the plant population that resulted in the highest grain yield. Thus, as with the previous reports by Duvick, the TPE grain yield of the older hybrids came from the low and medium plant population treatments and the TPE grain yield of the newer hybrids came from the medium and high plant population treatments. Thus, to estimate genetic gain, three sets of yield values were computed for each hybrid: TPE, drought, and well watered. For each of the three sets of yield estimates, the grain yield of each hybrid was regressed against the year of commercialization of the hybrid to provide an estimate of genetic gain for Data were obtained from a total of 83 location-year combinations, each with three plant population treatments, from the US corn-belt, conducted between 1990 and 2012, to estimate yield for the target population of environments (TPE). Data were obtained from a series of managed-environment experiments conducted at two locations, between 2001 and 2012, to estimate yield for the well-watered (WW) favourable environmental breakout and for the drought (DR) environmental breakout. Open-pollinated hybrids are identified with yellow filled symbols, double cross hybrids with black filled symbols, and three-parent modified single cross hybrids with grey symbols. The remaining hybrids were single cross hybrids. Specific single cross hybrids are identified for further reference in the text and subsequent figures.
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As with the previous reports (Duvick et al., 2004) , for the US corn-belt TPE, the slope of the regression of hybrid yield on year of release was positive ( Fig. 1 ). As predicted, based on the hypothesis of Duvick that yield in the TPE was achieved through combining mechanisms for tolerance with the multiple stress conditions that occur in the TPE, the slope was also positive for the drought environmental breakout. Importantly, the slope was also positive for the well-watered favourable environmental breakout. These results support the conclusion reached by Duvick et al. (2004) that the long-term Pioneer maize breeding effort has achieved sustained genetic gains for yield in the US corn-belt and they demonstrate that the gains for yield in the TPE are also realized over a wide range of drought conditions and under favourable conditions when water limitations are minimized.
These results demonstrate that long-term genetic gain for yield of maize in the US corn-belt has been achieved and that these gains are expressed across drought and favourable conditions ( Fig.1 ). Two observations are worthy of further consideration. First, the rate of genetic gain for yield for the drought environmental breakout, as measured by the slope of the regression, is less than that for both the TPE and wellwatered, favourable conditions (P<0.01). Secondly, there is yield variation remaining among the hybrids commercialized in the most recent decade of the sequence. This yield variation is expressed in the TPE and under both drought and favourable environmental conditions. Additional experiments that focus on the hybrids of the most recent decades indicate that important hybrid×environment interactions for yield are expressed between the favourable and drought conditions. For example, two of the high-yielding modern hybrids of comparable maturity released in the decade of the 2000s (Fig. 1 ) differed in their sensitivity to water limitations (Fig. 2 ). In this example, there is a crossover hybrid×environment interaction for yield. The two hybrids differ in their yield potential under favourable conditions and for yield performance under a wide range of drought conditions.
As discussed by Duvick, the gains for yield of maize in the US corn-belt are realized on-farm by growers through the combined use of improved genetics and improved agronomy. Through understanding the performance reactions of hybrids to important environmental variables, such as water availability (e.g. Fig. 2 ), growers working with agronomists can combine improved hybrids with appropriate management strategies for their expected on-farm environmental conditions. For example, growing the same two hybrids that were depicted in Fig. 2 at different plant populations demonstrates different yield responses for the two hybrids under favourable ( Fig. 3a ) and water-limited ( Fig. 3b ) conditions. Growers with access to irrigation can ensure a favourable soil water status and can grow the drought-sensitive hybrid with higher yield potential at higher plant populations and expect increased yields by avoiding environmental conditions that result in water limitations (Fig. 3a) . Alternatively, where sufficient irrigation cannot be applied and the risk of water limitations is greater, hybrids with improved drought tolerance can be grown at moderate or higher plant populations to reduce the risk of lower yields (Fig. 3b ). Another strategy, often used by growers to spread risk, is to grow the drought-sensitive hybrid at lower plant populations to reduce the yield loss if a water deficit occurs, but also to retain the possibility of higher yields if there is significant in season rainfall resulting in favourable conditions and higher yields ( Fig. 3a compared with Fig. 3b ). These alternative genotype×management×environment (GME) strategies are used by growers in the Western region of the US corn-belt to reduce risk of catastrophic yield loss and achieve reliable higher yields of maize given spatially and temporally heterogeneous environmental conditions. They represent different approaches to managing the soil-plant water balance in combination with an understanding of the physiological differences of maize hybrid responses to water and radiation availability during growth and development. While there are other important environmental considerations for the grower and breeder within the Western region, an understanding of how growers use management and genotype to achieve a favourable soil-plant water balance during critical stages of growth and development is the foundation of the design of any breeding strategy for improved drought tolerance for this TPE.
Breeding drought-tolerant hybrids: integrating phenotyping and genomics technologies
In the last decade, new phenotyping and genomics technologies have enabled evaluation of new breeding approaches intended to accelerate the rate of genetic improvement of drought-tolerant maize hybrids for drought-prone environments across the US corn-belt. Key phenotyping technologies that have been implemented include: managed drought environments, experimental designs and spatial analysis using mixed model methodology, sensor technologies to measure soil water status during the crop growth and development cycle that enable characterization and modelling of the soilplant water balance within experiments, and high-throughput measurement of growth and development traits to enable modelling of genotype performance . Key genomics technologies include high-throughput genotyping to provide a large number of molecular markers that have in turn enabled mapping of any traits that can be measured on the entries included within the field experiments.
Much has been discussed about the opportunities to use genomics technologies to enable marker-assisted selection (Fernando and Grossman, 1989; Lande and Thompson, 1990; Dekkers and Hospital, 2002) and genome-wide prediction (Meuwissen et al., 2001; Gianola, 2006; Heffner et al., 2009; Piepho, 2009; Habier et al., 2011) . Many publications have emphasized the importance of phenotyping, but there is little or no discussion of how to achieve such phenotyping at the scale necessary to support a breeding programme. Here we will explain the foundation of the necessary phenotyping technologies and consider their scaling and integration with genomics technologies to enable breeding for drought tolerance within a commercial maize breeding programme.
There are many challenges associated with phenotyping for drought tolerance. As can be expected with such a complex topic, there are many opinions, and the scientific 'community of practice' has created much literature. It is not immediately obvious how many of the recommendations found in the literature have been adopted and rigorously evaluated for their efficacy in enabling improved product performance for drought tolerance. The dominant position of papers proposing methodologies over those reporting evaluation and verification of their efficacy suggests that many of the proposed methods have not significantly impacted the outcomes of the target breeding programmes. This should come as no surprise and is consistent with the breeders' experience from the development and evaluation of new genotypes in a breeding programme; the overwhelming majority of genotypes that are created and evaluated within the life time of a breeding programme are outstanding failures and remain in what is often euphemistically referred to as the 'breeder's bone-pile'. The important point is that the plant breeder can and does learn from all of these phenotyping and breeding failures and learns to recognize success when it appears from the many options considered. One of the major reasons that many of the phenotyping proposals fail to impact product outcomes is the difficulty in scaling the methods from the activities of the discovery phase to the high-throughput processes involved in managing the numbers of genotypes handled by a breeding programme; for a maize breeding programme, each cycle of testing is initiated by new genotypes within the order of multiples of 1000s of new inbreds that need to be evaluated for the potential to develop new commercial hybrids. This in itself may not sound overwhelming, but there are two other key points to remember that are relevant to the scale of commercial maize breeding and also applicable for many other breeding programmes. First, a single breeding programme is not a single serial breeding cycle starting with large numbers and reducing these to a small number of pre-commercial candidates. It is in fact a parallel process of multiple breeding cycles. Each year the breeding programme is simultaneously evaluating all of the serial stages of a breeding cycle, from early stage testing to final pre-commercial evaluations, with each of the parallel breeding cycles operating one step in the cycle apart. In effect there are multiple overlapping breeding cycles operating simultaneously within each year. Secondly, there are many breeders each doing the same thing and therefore multiple such parallel breeding processes need to be supported at the same time by any phenotyping methodology. Thus, the numbers of genotypes to be phenotyped for traits of interest in any one year are more likely to be in the realm of multiples of 10 000s. Thus, the scaling problem for phenotyping in maize breeding is real and should be considered from the outset in proposing and evaluating any phenotyping methodology.
Of the drought phenotyping methodologies that have been proposed and have demonstrated both utility and scalability, the use of field-based MEs provides a practical method for scaling phenotyping to the level of individual and multiple breeding programmes (Fischer et al., 1989; Cooper et al., 1995 Cooper et al., , 1997 Campos et al., 2004 Campos et al., , 2006 Kirigwi et al., 2004; Trethowan et al., 2005; Bänziger et al., 2006; Weber et al., 2012; Rebetzke et al., 2013) . The concept of MEs for drought is close to the principles of wide-area testing in multienvironment trials (METs). With METs, the objective of the breeder is to sample different on-farm conditions by testing genotypes for important trait phenotypes at multiple locations across multiple years from within the region that bounds the TPE of the breeding programme. If drought is a component of the TPE, then relevant drought conditions are expected to be sampled by such MET testing. However, there are many reasons why drought environments may not be adequately sampled within such METs. Of these reasons, one that is particularly problematic arises when sequences of high rainfall years limit the opportunities to encounter drought across broad geographies and thus limit or remove opportunities for the breeder to test genotypes under drought conditions in a given year or sequences of years. This has happened for sequences of years over the history of the Pioneer breeding effort within the Western region of the US corn-belt. In the presence of genotype×environment interactions for yield between favourable and drought conditions (e.g. Fig. 2 ), whenever there are such misalignments between the sample of environments obtained in METs and the composition of environmental conditions that are important in the TPE, inefficiencies in the breeding process can be expected to occur. If these misalignments are persistent, in the longer term the realized rates of genetic gain from the breeding programme can be expected to decrease Podlich et al., 1999) .
Field-based MEs involve the growing of experiments at locations where a number of inputs can be 'managed' to create environmental conditions that simulate the conditions that are expected to occur with important frequency in the TPE. In the case of drought, this involves managing the water inputs for the ME experiments to generate a range of water deficit conditions that expose genotypic and trait genetic variation that is relevant to the agricultural drought conditions of the TPE. The use of drought MEs as a component of the METs of a breeding programme enables the breeder to test genotypes at all stages of the breeding programme each year and reduce the likelihood of persistent misalignments between the MET and the TPE, at least for the components of the environment that can be managed.
The implementation of drought MEs requires the identification of locations where the probability of rainfall events occurring during the conduct of the experiments is low, large areas of suitable, uniform soils can be identified, high quality water is available, and precision irrigation infrastructure can be implemented. Today Pioneer has implemented a number of such MEs at multiple locations to support a global drought breeding effort. Here we will review some key points obtained from our experience in scaling drought phenotyping to support breeding maize for drought tolerance relevant for the Western region of the US corn-belt using MEs at two locations, Woodland and Viluco, the same two locations that were used to conduct the studies of long-term genetic gain for yield under drought and well-watered favourable environmental conditions (Fig. 1) . To illustrate some of these points, we use results obtained from an ME experiment conducted across two years at both Viluco and Woodland that was designed to investigate GME interactions for yield and associated traits.
The key points we discuss here can be considered to fall into one or more of three ME design criteria: (i) the uniformity of the experiments; (ii) the repeatability of the results that can be achieved from multiple executions of the experiments in the MEs; and (iii) the predictability that can be achieved from the ME experiments to the conditions of the TPE.
While the basics of developing a drought ME location are relatively easy to state, the practical implementation requires significant experimentation that involves understanding the germplasm to be evaluated, the combination of water and agronomic treatments that will allow appropriate evaluation of the genotypic variation for different stages of multiple breeding programmes, and, importantly, practical methods for the local teams to execute the management and measurement protocols once the experiment has been initiated. Answers to these and other relevant ME implementation questions require an experimental programme to refine and improve the methods and train the teams that execute the experiments. The information and experience needed to develop the experimental protocols can be generated from experiments designed to study factorial combinations of the variables that can be managed to generate the required range of water balance environments needed to screen large numbers of genotypes. For the example considered here, water is the key environmental variable and this is manipulated through differential irrigation to generate different water availability scenarios at both locations. The management variable to be considered in combination with water availability is plant population, varied to generate low, medium, and high plant population scenarios at both locations.
Experience consistently demonstrates that spatial variation and spatial correlation of residuals are commonplace in ME experiments and drought experiments in the TPE. The lack of such complications is the exception rather than the rule. Therefore, suitable row-column and incomplete block experimental designs that restrict co-localization of genotypes within the rows and columns of the experimental layout are recommended (Basford et al., 1996; Federer et al., 2001; Williams et al., 2002 Williams et al., , 2006 Cullis et al., 2006; Piepho and Williams, 2006) . Further, mixed model analysis (Gilmour et al., 2009) including the experimental design features and suitable terms to model covariances among neighbouring residuals and heterogeneous residuals among experiments is recommended (Gilmour et al., 1997; Qiao et al., 2000 Qiao et al., , 2004 Smith et al., 2002a, b) .
Typical analysis of variance results for grain yield data obtained from such an experiment are summarized in Table 1 . In this example, a total of 11 location-water combinations were created between the Woodland and Viluco locations. Three or four plant population treatments were included as agronomic treatments within each of the 11 location-water combinations. Genotypic variation was observed for yield among the hybrids for each of the 11 location-water combinations. The population treatments generated a range of yield levels for each location-water combination, and there were hybrid×density interactions observed for nine of the 11 location-water combinations, ranging from small to large sources of variance depending on the location-water combination. In this example, the different combinations of location, water, and density generated a range of hybrid contrasts for grain yield. Heterogeneous residuals were observed among the 11 location-water combinations and there were a range of correlations among the residuals in both the row and column directions for the 11 different location-water combinations. This analysis of variance overview provides an entry point for more detailed study of the different sources of variation that impact the opportunities to study genetic variation for drought and favourable environmental conditions. For example, further modelling of the hybrid×location-water interaction term revealed heterogeneous genetic correlations among the different water-location combinations for hybrid yield. Therefore, the different water-location combinations offer different opportunities for the breeder to expose genotypic variation for yield for selection or other objectives.
From the range of environmental conditions that are generated in the ME technology development experiments, the breeder can select the appropriate combination of treatments to screen genotypes at the different stages of the breeding programme. At the early stages of the breeding programme, where there are larger numbers of genotypes to be tested, a limited number of ME treatments are used. Typically these ME treatments will focus on identifying an appropriate balance between maximizing genetic signal for the breeding objectives and minimizing environmental noise and measurement error. Within the experiment, the balance between signal and noise is achieved by managing the balance between imposing water-deficit levels of sufficient severity to reveal and increase the magnitude of the important genetic variation among the large numbers of genotypes tested while minimizing the potential for heterogeneous spatially correlated errors, often due to variability in soil conditions, that can obscure the detection and study of the genetic differences. Achieving this signal-noise balancing act with an acceptable level of repeatability relies on understanding three key components of the experiment: (i) the germplasm and the expected genetic variation for drought tolerance to be revealed; (ii) the accuracy and precision with which the water management can be achieved over large field areas; and (iii) an understanding of the soil variability that exists within the fields where the experiments are conducted.
Achieving repeatable results across multiple ME experiments is essential to enable efficacious ME testing for multiple breeding programmes. The consistency of separation of a set of hybrids of known differences in drought tolerance and drought susceptibility can be used as a practical method for assessing the repeatability of successful execution of ME drought experiments. Results are shown for a set of four ME drought experiments obtained from early stage breeding (Table 2) . In this example, a set of 14 check hybrids was embedded within the large ME experiments. Six of the hybrids were characterized to be sensitive to drought and the remaining eight hybrids were characterized to have moderate to strong drought tolerance. The 14 check hybrids collectively operate as a reference set of hybrids (Cooper and Fox, 1996) to characterize the incidence of drought within any ME and TPE experiments. Correlation coefficients were estimated for grain yield of the 14 check hybrids and compared across the four ME drought experiments based on spatially adjusted BLUPs and unadjusted BLUPs (Table 2) . For the spatially adjusted results, the correlation coefficients ranged from 0.70 to 0.90. Graphical inspection of the individual comparisons provides confirmation that the positive Table 1 . Mean grain yield (t ha -1 ) for each location-year-water combination and grain yield (t ha -1 ) variance components from analysis of variance of a managed environment experiment conducted at two locations (Woodland and Viluco) for two years (2011 and 2012) Irrigation was managed to generate well-watered (WW) favourable conditions and a range of water-deficit stress conditions for each locationyear combination. A range of plant populations, representing low, medium, and high plant populations, was used for each location-year-water combination. The uniform correlation heterogeneous variance model was applied for the hybrid×location term in the model.
Location
Year V_Density, the yield variance component for different density levels at a given location-water combination; V_Hybrid, the yield variance component for different hybrids at a given location-water combination; V_HxD, the yield variance component for hybrid×density interaction at a given location-water combination; V_residual, the error (residual) yield variance component at a given location-water combination.
Spatial dependency of residuals was modelled as a separable autoregressive process of order 1 in the row and column directions (AR1×AR1); Col_AR1, the autocorrelation of the yield residuals of neighbouring plots in the column direction; and Row_AR1, the autocorrelation of the yield residuals of neighbouring plots in the row direction.
Breeding drought-tolerant maize | 6197 correlation coefficients are associated with the desired separation of the drought-sensitive from the drought-tolerant hybrids (e.g. Fig. 4 ). As further demonstration of the importance of appropriate experimental design and spatial analysis in the execution of ME drought experiments, the correlations for the 14 check hybrids based on the unadjusted yield data were all lower than for the same comparisons based on the adjusted data (Table 2) .
Predictability of the ME experiments is the third component considered in combination with uniformity and repeatability. Of specific interest is the predictability that can be achieved between the ME experiments and the TPE environments. Demonstrating such predictability presents some challenges. As discussed above, growers in the Western region of the US corn-belt use different combinations of hybrids and agronomic management to reduce the risk of catastrophic yield loss. Thus, the growers seek to achieve high yields and minimize the yield differences observed from different hybrid-ME combinations. However, to enable selection, the breeder wants to expose genetic variation and expand the genotypic differences, and this typically can be best achieved from a different combination of inputs than will typically be used by the growers. For favourable water conditions, differences between the tolerant and sensitive hybrids can be observed across multiple plant populations (Fig. 3a) . However, for the drought conditions, the difference between the hybrids is often greatest when restricted irrigation is combined with higher plant populations (Fig. 3b) . Thus, the breeder can take advantage of this result to screen and select for genotypic differences under drought conditions at higher plant populations than would be used by the typical dryland or limited-irrigation farmer. While this is an effective approach for screening, this does cause some complications when comparing the results obtained in drought MEs used for screening with what is observed when the same hybrids are grown in combination with the different management conditions used by growers to manage risk of yield loss in the TPE.
Comparisons between ME experiments and water-limited conditions in the TPE should be based on samples of multiple years from the TPE to limit the possibility of results being highly dependent on the conditions of individual years. Figure 5 is based on yield results obtained from a multiyear study of early stage testing of multiple breeding populations in ME drought experiments and in dryland and limited-irrigation experiments sampled from the TPE. For the purpose of demonstration, comparisons are made between the ME drought experiments and the water-limited TPE environments at the level of family mean yield. All experiments are based on hybrid performance, with the inbreds evaluated for yield in hybrid combination with appropriate testers. A separate comparison is made for both the Stiff-Stalk (SS) female inbreds ( Fig. 5a ) and the Non-Stiff-Stalk (NSS) male inbreds (Fig. 5b) , based on their hybrid yield performance. In both cases, there is a positive correlation between the family mean yield obtained from the ME drought experiments and the TPE water-limited environments. Thus, for this study, the ME experiments provide a quantified level of predictability for yield performance in the TPE water-limited environments at the family mean level.
Breeding drought-tolerant hybrids: physiological framework
The studies that have documented long-term improvement of grain yield under drought conditions (Fig. 1) motivate a deeper understanding of the physiological-genetic basis of the genetic improvements for drought tolerance that are associated with these yield improvements. Achieving an understanding of genetic variation for yield and the associated hybrid differences in yield performance under drought requires an understanding of crop growth and development in relation to changes in the water balance for the genotype management systems associated with different field Table 2 
. Correlation coefficients for grain yield of a set of droughttolerant and drought-sensitive hybrids between four early stage drought MEs
The upper triangle is based on grain yield adjusted for experimental design features and spatial correlations among residuals, and the lower triangle is based on grain yield unadjusted for experimental design features and spatial correlations among residuals. A graphical representation of the comparison between Exp_3 and Exp_4 for the adjusted data is shown in Fig. 4 .
Exp_1
Exp_2 Exp_3 Fig. 4 . Comparison of grain yield for a set of drought-tolerant and drought-sensitive maize hybrids, included as a diagnostic set of reference genotypes, between two large early generation breeding experiments conducted under managed-environment drought conditions. See Table 2 for additional details of the experiments.
environmental conditions of the TPE (e.g. Fig. 3 ). Messina et al. (2009) described a suitable physiological framework to study maize hybrid yield performance as an outcome of crop growth and development within GME systems, where radiation, water, and nitrogen are key environmental variables. This framework has been applied to study physiological components of the long-term genetic gain for grain yield of maize in the US corn-belt and the scope for breeding to improve yield of maize further for drought-prone conditions (Messina et al., 2009, 2011) .
The intensive nature of the measurements that are necessary to study hybrid differences applying the physiological framework described by Messina et al. (2009) limits the practicality of conducting such experiments at multiple locations throughout the TPE. While relevant results can be obtained successfully if the right conditions unfold at a location in a given year, all too frequently untimely rainfall events interrupt the experiment. However, the ability to generate relevant conditions in the ME experiment (Fig. 5) , with acceptable levels of uniformity and repeatability (Table 2, Fig. 4) , provides a field-based system with the necessary reliability to justify the additional phenotyping investment. We argue that appropriately designed ME phenotyping technologies provide a practical methodology for scaling physiological genetic studies to a level that can support and enable enhanced drought breeding strategies (Messina et al., 2011) .
From a range of experiments conducted over the last decade to compare hybrids of similar maturity that repeatedly demonstrate high and low yield (e.g. Figs 1-3 ) over a wide range of environment management, water balance scenarios, it is evident that the observed long-term genetic gains for yield under drought ( Fig. 1) have been achieved from 'multiple workable solutions' in the physiological-genetic space that is accessible to the maize breeder working with the maize germplasm utilized in the US corn-belt. An important physiological-genetic component from among the workable solutions observed has been variation for the patterns of water utilization during crop growth and development. Figure 6 shows an example of a comparison of the modelled soil-plant water balance between a drought-tolerant and drought-sensitive hybrid. In this example, the environment represents a deep soil, starting with ~300 mm of available water. Water inputs from rainfall and irrigation are restricted from day 25 after planting. For this comparison, the drought-sensitive hybrid (dashed line) depleted the available soil water more rapidly than the drought-tolerant hybrid (solid line) ( Fig. 6a ) and initially accumulated greater total plant biomass until ~100 d (Fig. 6b) . The initial trajectory of yield accumulation was greater for the drought-sensitive hybrid until around day 100 ( Fig. 6c) . At around day 100, the drought-sensitive hybrid had depleted the available soil water and the rates of biomass and yield accumulation were reduced following day 100. In contrast, for the drought-tolerant hybrid, the rate of depletion of the available soil water was reduced from day 25 and the rates of biomass and yield accumulation were sustained at a higher level than for the sensitive hybrid beyond day 100. For this comparison of two contrasting genotype-environment systems, the more drought-tolerant hybrid achieved a higher grain yield. In this case, the drought-tolerant hybrid achieved the higher grain yield through maintaining a more favourable soil-plant water balance throughout growth and development and in particular for the critical flowering period and for post-flowering during the grain-filling phase.
Empirical comparisons of hybrids under experimental conditions comparable with those modelled in Fig. 6 have demonstrated that a number of important drought-tolerant hybrids do have different patterns of water utilization when compared with drought-sensitive hybrids (Fig. 7) . Importantly, the Breeding drought-tolerant maize | 6199 measured (Fig. 7) and modelled (Fig. 6) differences in available water, often within the range of 15-25 mm, are associated with significant differences in the grain yield of the hybrids, as depicted in Fig. 3 . Thus, the repeatable yield differences observed between drought-tolerant and drought-sensitive hybrids and associated important GME interactions for yield ( Fig. 3 ) are interpretable within a plausible and testable physiological-genetic framework . As the evidence accumulates for different workable solutions to improve drought performance, further work can be focused on physiological mechanisms that have the potential to contribute to the characterized differences in patterns of water use (e.g. Campos et al., 2006; Hammer et al., 2009; Gholipoor et al., 2013a Gholipoor et al., , 2013b . In parallel, the understanding generated from studies of plant responses to different soil-plant water balance environments, in combination with an understanding of the germplasm resources available to the breeder and the environmental management composition of the TPE, provide the foundation for the design of appropriate ME testing strategies that enhance the probability of success of the long-term multiprogramme drought breeding efforts for maize in the US corn-belt. A key point is that the ME phenotyping technology, and experimental protocols for executing the MEs themselves, evolve as our understanding of the GME interactions improves and the germplasm improves over cycles of breeding.
Breeding drought-tolerant hybrids: enabling prediction
The combination of relevant trait phenotypes measured in appropriate ME conditions, together with high-throughput genotyping of the entries (inbreds and their hybrids) evaluated Fig. 7 . Measured difference in available soil water between a droughtsensitive and AQUAmax ® drought-tolerant hybrid in an environment management scenario comparable with that depicted in Fig. 6 . The estimated difference in available soil water between the two hybrids on 5 July is 18 mm. This difference in available soil water coincides with the flowering period of both hybrids. at different stages of the breeding cycle, enables the association of trait phenotypic variation with polymorphic regions of the genome in the reference population of the breeding programme. Statistical genetic methods for such genetic signal detection have been developed and applied to maize hybrid experiments from different stages of the breeding cycle (Boer et al., 2007; ter Braak et al., 2010; van Eeuwijk et al., 2010; Bink et al., 2012) . To demonstrate an application of ME technologies in combination with genomic prediction we consider the trait anthesis-silking interval (ASI). The trait ASI is widely recognized as an important indicator of the sensitivity tolerance of maize to water deficits that coincide with the flowering period. ASI measures the difference, preferably in thermal units, between when the maize plant sheds pollen from the tassel and when the silks are exerted from the husks of the ear. Under water deficit at flowering, a shorter ASI indicates increased potential to avoid or tolerate the effects of water deficits and a greater ASI indicates greater sensitivity and intolerance to the effects of water deficit.
ASI data were collected from a multiyear, multipopulation series of early stage ME drought experiments. The entries within the experiments were all genotyped. The combination of molecular marker data and ASI phenotypic data provided the estimation or training data set to establish the marker-trait associations that were used for prediction. From an independent year, an independent set of early stage breeding entries were tested in ME drought experiments and ASI was measured following the same procedures used to measure ASI for the training data set. This independent set of entries is referred to as the target data set. All of the entries in the target data set were genotyped. The marker-trait associations, estimated using the training data set, were then combined with the genotype fingerprints of the entries in the target data set to predict ASI for the entries in the target data set. This procedure was applied independently to a set of SS and NSS entries. The predicted and measured ASI values were compared (Fig. 8) . For both the SS (Fig. 8a ) and the NSS (Fig. 8b) data sets there was a positive linear relationship between the predicted ASI and the measured ASI values. Thus, it is possible to obtain a prediction of the expected ASI of the entries included in the early stages of the breeding cycle before they are phenotyped under ME drought conditions. Further, the observed relationships ( Fig. 8 ) enable ranking of the new entries based on their hybrid performance. The breeder can use the predictions to enable different selection strategies; for example, retain entries predicted to have desirable, lower ASI values and remove entries predicted to have undesirable, higher ASI values. Thus, subsequent drought ME testing for yield can be focused on those entries predicted to have greater likelihood of possessing the desired levels of drought tolerance. Similar procedures can be applied to any traits that can be appropriately phenotyped in ME experiments to create estimation data sets.
Breeding drought-tolerant hybrids: discovery to AQUAmax ® products
The results presented in this review of maize breeding programmes, focused on improved drought tolerance for the Western region of the US corn-belt, demonstrate that ME drought experiments with acceptable levels of uniformity, repeatability, and predictability can be conducted to enable scaling of critical drought trait phenotyping to a level that is aligned to the needs of a breeding programme. By augmenting the traditional wide area testing in the TPE with targeted phenotyping in appropriate drought MEs, a number of opportunities are available to the breeder to undertake breeding for drought tolerance that are not so easily accessible from TPE wide area testing by itself.
Whenever possible, the breeder will attempt to create and select new genotypes with improved yield and agronomics that reduce the incidence of the problematic genotype×environment Breeding drought-tolerant maize | 6201 interactions, such as those depicted in Fig. 2. Figure 9 compares an example of a recently released drought-tolerant AQUAmax ® hybrid, selected using a combination of genetic prediction for drought tolerance, testing in drought MEs, and wide area testing in multiple environment management conditions throughout the US corn-belt, with the tolerant and sensitive hybrids shown in Figs 2 and 3. The AQUAmax ® hybrid demonstrates a further level of improvement in yield over that achieved by the drought-tolerant hybrid, under both favourable ( Fig. 9a ) and drought conditions (Fig. 9b) .
In addition to characterization of commercial hybrids, in the MEs the breeder can compare the current commercial hybrids with pre-commercial hybrids from different stages of the breeding cycle. Figure 10 compares the yield of a set of commercial hybrids suitable for irrigated and drought conditions in the Western region of the US corn-belt with new pre-commercial candidates for advancement. Within the commercial set of hybrids, a subset of hybrids with known drought sensitivity are identified and show the expected lower levels of yield under drought, even when they are evaluated across a range of low to high plant population management conditions. A set of drought-tolerant and AQUAmax ® hybrids are identified, and both groups demonstrate greater yield under drought compared with the drought-sensitive hybrids. One historically significant Pioneer hybrid 3394 is identified as a reference. This hybrid was commercialized in 1991 ( Fig. 1) and over the following years became a high volume hybrid known throughout the US corn-belt for reliable yield stability. The majority of the newer commercial hybrids have higher yield than hybrid 3394 in both favourable and drought conditions (Fig. 10) , providing further demonstration of the yield improvements that have been achieved since the early 1990s (Figs 1, 10) . Many of the pre-commercial hybrids show similar levels of yield performance under favourable and drought conditions, when compared with the current commercial hybrids, and a set of promising precommercial hybrids can be identified that show superior yield under both favourable and drought conditions in comparison with the current commercial hybrids (Fig. 10) . Conducting such targeted comparisons in ME experiments is possible for all stages of the breeding programme and can be done as a routine part of the ME testing. Such comparisons are only possible in TPE experiments when suitable conditions occur at the locations sampled, and the quality of the results obtained are highly dependent on timely rainfall events.
Discussion: future opportunities to breed drought-tolerant hybrids
The results described here provide an example of successful drought breeding outcomes that have been delivered over Fig. 10 . Comparison of grain yield for a set of commercial and pre-commercial maize hybrids, between a well-watered favourable environmental breakout and drought environmental breakout conducted under managed-environment conditions. The favourable water breakout is based on four location-year combinations, with multiple low to high plant population treatments for each location-year combination. The drought breakout is based on seven location-year combinations, with multiple low to high plant population treatments for each location-year combination. an extended period of time as an integrated combination of improved products and appropriate management practices for the water-limited production environments of the Western region of the US corn-belt.
The long-term genetic gain results shown in Fig. 1 provide clear evidence towards answering a long-standing question prevalent in the drought tolerance literature; it is possible to make long-term genetic gain for yield both under favourable environmental conditions, where yield potential is expressed, and under agricultural drought environmental conditions, where yield potential is reduced due to the impact of water deficits occurring at different stages of crop development. These yield improvements are most clearly observed when the improved hybrids are grown in combination with appropriate agronomic management practices. Further, while this longterm gain is achieved for yield in the TPE, important GME interactions for yield still occur. The breeder and the agronomist can work together to understand these interactions and provide recommendations on how growers can combine improved hybrids with appropriate management strategies for the dominant environmental conditions of their farming system to realize the benefits of the long-term genetic gains. To address these GME interactions Pioneer agronomists work with growers to conduct hybrid comparisons under different plant populations and other agronomic practices appropriate for their soil and climate conditions. These genotype management system trials represent a subset of the combinations of treatments used in the ME technology development experiments and are conducted using large-scale plots and the equipment operated by the growers on their farms. Typically the experiments are single replicate at a location, and data are aggregated across multiple locations with comparable environmental conditions to summarize the results for the growers.
Breeding for improved levels of drought tolerance of maize suitable for the US corn-belt has undergone phases of breeding technology improvement over the long history of the breeding programme. As with all other breeding objectives, breeding for drought tolerance has benefitted from improvements in small plot experimental equipment designed to increase the quality and scale of wide area testing in METs. Indirect genetic gain for yield under drought has occurred from large-scale wide area testing under on-farm conditions. Direct selection for yield and drought tolerance from results obtained by conducting side-by-side, irrigated-drought experiments at multiple locations has also contributed. More recently the launch of the AQUAmax ® line of drought-tolerant hybrids has heavily leveraged precision phenotyping capabilities in field-based MEs.
The use of MEs in combination with genetic prediction has opened up new opportunities to increase the scale of enhanced precision phenotyping massively and thus increase the scale of maize drought breeding programmes. Similar approaches can be applied to other crops and breeding objectives where suitable MEs can be designed and implemented. The availability of appropriate training data sets, generated from targeted ME experiments where key trait phenotypes can be reliably measured with the necessary levels of uniformity, repeatability, and predictability, has enabled the application of the physiological-genetic framework introduced by Messina et al. (2009 Messina et al. ( , 2011 to enhance further the toolkit of the maize breeder working on drought tolerance. The same framework used to develop the improved hybrids can also be used by agronomists to inform on-farm management decisions from among the different options available to growers across the US corn-belt. Thus, appropriate combinations of improved hybrids and suitable agronomic practices can be selected to improve the realization of on-farm yield gains by growers. Longer term, these and further refinements of such integrated crop improvement strategies will enable sustainable crop production systems across broad geographies where valuable water resources must be managed for the future (Boyer et al., 2013) .
